We present an optical spectroscopic analysis of the well-known Seyfert galaxy NGC 4051. The highionization nuclear emission-line region (HINER) traced by [Fe X] λ6374 is found to be spatially extended to a radius of 3 ′′ (≈ 150 pc) west and southwest from the nucleus; NGC 4051 is the third example which has an extended HINER.
INTRODUCTION
It is known that Seyfert galaxies often show very highionization emission lines such as [Fe VII] (Oke & Sargent 1968; Grandi 1978; Penston et al. 1984; De Robertis & Osterbrock 1986) . Because the ionization potentials of these lines are higher than 100 eV, much attention has been paid to the high-ionization nuclear emission-line region [HINER; Murayama, Taniguchi, & Iwasawa 1998 (hereafter MTI98) ; see also Binette 1985] . The possible mechanisms of radiating such high-ionization emission lines are the following three processes: (1) collisional ionization in the gas with temperatures of T e ∼ 10 6 K (Oke & Sargent 1968; Nussbaumer & Osterbrock 1970) ; (2) photoionization by the central nonthermal continuum emission [Osterbrock 1969; Nussbaumer & Osterbrock 1970; Grandi 1978; Korista & Ferland 1989; Ferguson, Korista, & Ferland 1997b; Taniguchi 1998a, 1998b (hereafter MT98a and MT98b, respectively) ]; and (3) a combination of shocks and photoionization (Viegas-Aldrovandi & Contini 1989) .
Recently, in context of the locally-optimally emitting cloud models (LOC models; Ferguson et al. 1997a ), Ferguson, Korista, & Ferland (1997b) showed that the highionization emission lines can be radiated in conditions of widely range of gas densities. More recently MT98a have found that type 1 Seyfert nuclei (S1s) have excess [Fe VII] λ6087 emission with respect to type 2s (S2s). Given the current unified model of AGN (Antonucci & Miller 1985 ; see for a review Antonucci 1993), the finding of MT98a implies that the HINER traced by the [Fe VII] λ6087 emission resides in the inner wall of such dusty tori. Since the covering factor of the torus is usually large (e.g., ∼ 0.9), and the electron density in the tori (e.g., ∼ 10 7-8 cm −3 ) is considered to be significantly higher than that (e.g., ∼ 10 3-4 cm −3 ) of the narrow-line region (NLR), the contribution from the torus dominates the emission of the higher-ionization lines (Pier & Voit 1995) . Taking this HINER component into account, MT98b have constructed new dual-component (i.e., a typical NLR with a HINER torus) photoionization models and explained the observations consistently.
On the other hand, it is also known that some Seyfert nuclei have an extended HINER whose size amounts up to ∼ 1 kpc (Golev et al. 1995; MTI98) . The presence of such extended HINERs can be explained as the result of very low-density conditions in the interstellar medium (n H ∼ 1 cm −3 ) makes it possible to achieve higher ionization conditions (Korista & Ferland 1989) . Thus MT98a suggested a three-component model for the spatial distribution of HINER in terms of photoionization. That is: (1) the inner wall of the dusty torus with electron densities of n e ∼ 10 6-7 cm −3 ; the torus HINER [Pier & Voit 1995; Murayama & Taniguchi 1998b] , (2) the innermost part of the NLRs; the NLR HINER (n e ∼ 10 3-4 cm −3 ) at a distance from ∼10 to ∼100 pc, and (3) the extended ionized region (n e ∼ 10 0-1 cm −3 ) at a distance ∼1 kpc; the extended HINER (Korista & Ferland 1989; MTI98) . Perhaps the relative contribution to the HINER emission from the above three components may be different from galaxy to 1 galaxy. In particular, extended HINERs have been found only in NGC 3516 (Golev et al. 1995) and Tololo 0109-383 (MTI 98) and thus it is important to investigate how common the extended HINER in Seyfert galaxies.
In this paper, we report on the discovery of an extended HINER in the nearby Seyfert galaxy NGC 4051. This observation was made during the course of our longslit optical spectroscopy program for a sample of nearby Seyfert galaxies at the Okayama Astrophysical Observatory. Throughout this paper, we use a distance toward NGC 4051 of 9.7 Mpc, which is estimated using a value of H 0 = 75 km s −1 Mpc −1 and its recession velocity of 726 km s −1 (Ulvestad & Wilson 1984) . Therefore, 1 ′′ corresponds to 47 pc at this distance.
OBSERVATIONS
The spectroscopic observations were made at Okayama Astrophysical Observatory, National Astronomical Observatory of Japan on 1992 June 5. The New Cassegrain Spectrograph was attached to the Cassegrain focus of the 188 cm reflector. A 512 × 512 CCD with pixel size of 24 × 24 µm was used, giving a spatial resolution of 1.
′′ 46 pixel
by 1 × 2 binning. A 1. ′′ 8 slit with a length of 300 ′′ was used with a grating of 150 groove mm −1 blazed at 5000Å. The position angle was set to 90
• . The wavelength coverage was set to 4500 -7000Å. We took three spectra; (1) the central region, (2) 2 ′′ north of the central region, and (3) 2 ′′ south of the central region. Each exposure time was 1200 seconds, respectively. The slit positions for NGC 4051 are displayed in Figure 1 . The data was reduced with the use of IRAF. The reduction was made with a standard procedure; bias subtraction and flat fielding were made with the data of the dome flats. The flux scale was calibrated by using a standard star (BD+33 • 2642). The nuclear spectrum was extracted with 2.
′′ 92 aperture. The seeing size derived from the spatial profile of the standard star was about 2.
′′ 3 (FWHM) during the observations.
OBSERVATIONAL RESULTS

Emission-Line Properties of the Nuclear Spectrum
The spectrum of the nuclear region (the central 2. ′′ 9 × 1.
′′ 8 region) is shown in Figure 2 . In order to estimate emission-line fluxes, we made multicomponent Gaussian fitting for the spectrum using the SNG (the SpectroNebularGraph; Kosugi et al. 1995) package. The identified emission lines of the nuclear region are summarized in Ta (Osterbrock 1989 ), we measured the [Fe X] λ6374 flux. The reddening was estimated by using the Balmer decrement (i.e., the ratio of narrow components of Hα and Hβ). If the case B would be assumed, an intrinsic value of Hα/Hβ ratio was 2.87 for T = 10 4 K (Osterbrock 1989) . However, Veilleux & Osterbrock (1987) mentioned that the harder photoionizing spectrum of AGNs results in a large transition zone or partly ionized region in which collisional excitation becomes important (Ferland & Netzer 1983; Halpern and Steiner 1983) . The main effect of the collisional excitation is to enhance Hα. Therefore we adopt Hα/Hβ = 3.1 for the intrinsic ratio, and accordingly we obtain A V = 1.00 mag. This value is almost consistent with the previous estimation (A V = 1.11 mag: Erkens et al. 1997) . In our observation, [Fe X] λ6374 (ionized potential 233.6 eV) is stronger than [Fe VII] λ6087 (99.1 eV). This observational result is inconsistent with the predictions of simple one-zone photoionization models (see section 4.).
In Table 2 , we give a comparison between our observational data and the previous ones (Anderson 1970; Grandi 1978; Yee 1980; Penston et al. 1984; Veilleux 1988; Erkens, Appenzeller, & Wagner 1997) . Although Erkens et al. (1997) Veilleux (1988) is significantly larger than that in ours, our ratio is consistent with those in Penston et al. (1984) and Erkens et al. (1997) . Although we do not understand fully the significant difference between Veilleux (1988) and the other observations, it may be due partly to the difference of slit width or aperture size among the observations. NGC 4051 is one of the well-known Seyfert galaxies (Seyfert 1943) . It has been mostly classified as a type 1 Seyfert (Adams 1977) , while Boller, Brandt, & Fink (1996) and Komossa & Fink (1997) pointed out that the observational properties of NGC4051 are similar to those of narrow-line Seyfert 1 galaxies (NLS1; Osterbrock & Dahari 1983; Osterbrock & Pogge 1985) . Though our observational data show the broad component of Hα clearly, the broad component of Hβ is not detected. The results of deconvolution for Hα and Hβ are shown in Figure 3 and 4, respectively.
Spatial Distribution of the Emission-Line Region
In Table 3a -3d, we give the emission-line properties of the off-nuclear regions; west (2.
′′ 9 west), southeast (1. ′′ 5 south 2 ′′ west), southwest (1. ′′ 5 south 2 ′′ east), and east (2. ′′ 9 east). Since the flux of [O I] λ6300 in these areas is not measured because of the insufficient S/N, we do not subtract the flux of [O I] λ6364 from that of [Fe X] λ6374. Though we measured the fluxes of emission lines of northeast, those data are not tabulated because we could not detect the Hβ unambiguously. The S/N of the northwest position is so poor that we did not measure the fluxes of emission lines. Figure 5 shows that the HINER traced by [Fe X] λ6374 is extended westward up to 3 ′′ (≈ 150 pc). This is more extended than the NLR traced by [O I] λ6300. Since, as shown in Figure 6 , there is no strong line of sky emission at the observed wavelength of [Fe X], the extended [Fe X] appears to be real. Figure 5 also shows that the HINER may be extended southwestward. However this may be due to the contamination from the nuclear region, suggested by the relatively broad width of Hβ at the southwest position.
Following Veilleux & Osterbrock (1987) , we investigate the excitation conditions of the emission-line region in each position. As shown in Figure 7, h Narrower than the measurable limit (instrumental width). g Narrower than the measurable limit (instrumental width). g Narrower than the measurable limit (instrumental width). g Narrower than the measurable limit (instrumental width). but to some additional mechanism. We will discuss this complex property in section 5.
A Summary of the Observational Results
As noted in section 1, there are three kinds of the HINER; 1) the torus HINER, 2) the NLR HINER, and 3) the extended HINER (see MT98a). Our detection of the extended [Fe X] emitting region tells us that the extended HINER exists at least in NGC 4051. Here we estimate how strong the contribution from the torus HINER using the dual component photoionization model of MT98b. According to the diagnostic diagram of their model (Figure  2 in MT98b), we find that the torus HINER may contribute to the total intensity of the HINER emission less than 3%. On the other hand, if [Fe X] in the nuclear region was mainly attributed to the NLR HINER, this line would have a larger FWHM in the nuclear region than in off-nuclear regions because the flux contribution of the NLR HINER may be negligibly small in the off-nuclear regions. Since we could not find the difference of FWHM of [Fe X] between the nuclear region and west, the NLR HINER is not a dominant source in NGC 4051. It is therefore suggested that the majority of the HINER emission in NGC 4051 arises from low-density ISM within a radius of ≈ 150 pc.
PHOTOIONIZATION MODEL
In order to understand the nuclear environment of NGC 4051, we use photoionization models and compare the predictions of the models with the observed emission-line ratios of the nuclear region of NGC 4051. The simplest model for the NLRs of Seyfert galaxies is a so-called onezone model, which assumes optically thick clouds of single density and single distance from the source of the ionization radiation (e.g. Ferland & Netzer 1983 , Stasinska 1984 . However, these models have been known to predict too weak high-ionization emission lines such as [Fe VII] λ6087 and [Fe X] λ6374, and moreover, predict less intense [Fe X] λ6374 than [Fe VII] λ6087. Because these model predictions appear inconsistent with observations, one-zone models are not suitable to investigate the environment of the nuclear region of NGC 4051. Hence, it is better to use more realistic models, for example, the optically-thin, multi-cloud model (Ferland & Osterbrock 1986) or the LOC models (Ferguson et al. 1997a ). The predicted emission-line flux calculated with these models are shown in [Fe X] suggests that most of iron remains in gas phase although the depletion of iron would be more serious than that of other elements (e.g., Phillips, Gondhalekar, & Pettini 1982) . Therefore internal dust grains in the NLR are not taken into account in our calculations. The shape of the ionizing continuum from the central engine is
We adopt the following parameters; (1) kT IR is the infrared cutoff of the so-called big blue bump component and we adopt kT IR = 0.01 Ryd; (2) T BB is the temperature which parameterize the big blue bump continuum, and we adopt a typical value, 1.5 × 10 5 K; (3) α uv is the slope of the low energy big blue bump component. We adopt α uv = −0.5. Note that the photoionization is not sensitive to this parameter. And, (4) α x is the slope of the X-Ray component, and we adopt α x = −1.0. This power law component is not extrapolated below 1.36 eV or above 100 keV. Below 1.36 eV, this term is set to zero while above 100 keV, the continuum is assumed to fall off as ν −3 . Finally, (5) the UV to X-Ray spectral slope, α ox , is defined as
which is a free parameter related to the parameter a in equation (1). We adopt α ox = −1.4. The observational values of these parameters for NGC 4051 are summarized in Table 5 . The calculations for IB clouds are proceeded until the electron temperature drop below 3000 K, since the gas with lower temperature than 3000 K is not thought to contribute significantly to the emission lines. The calculations for MB clouds are proceeded till the column density of the MB clouds reach to a value given as a free parameter.
Results
First, we discuss the physical conditions of the IB clouds. Assuming that the low-ionization forbidden lines are radiated mainly from the IB clouds, we estimate the hydrogen density of the IB cloud n IB = 10 2.9 cm −3 , which derived from the observed [S II] doublet ratio, [S II] λ6716/[S II] λ6731 = 0.934 (see Osterbrock 1989) . Similarly, assuming that the MB clouds contribute to the flux of the lowionization lines very little, we search an ionization parameter for the IB clouds, U IB = Q(H)/(4πR 2 N H,IB c) b Ferland & Osterbrock (1986) c Ferguson et al. (1997a) d Assuming the abundance of the Orion nebula (see FKBF97).
e Not predicted by their model. Ferland (1996) and Francis (1993) .)
b Walter et al. (1994) c Guainazzi et al. (1996) d Komossa & Fink (1997) e A recommended value in CLOUDY (See Ferland (1996) and Zamorani et al. (1981). ) (the ratio of the ionizing photon density to the Hydrogen density) using CLOUDY. Figure 9 ). Therefore we examine two cases for N MB = 10 20.5 cm −2 and for 10 21.0 cm −2 . Assuming the size of HINER D HINER = 150pc = 4.63 × 10 20 cm, we obtain n MB ≃ 10 −0.17 cm −3 for N MB = 10 20.5 cm
and n MB ≃ 10 0.33 cm −3 for N MB = 10 21 cm −2 because n MB ≃ N MB /D HINER . Since the former density is too low to produce sufficiently strong emission, we adopt the latter case, that is, n MB = 10 0.33 cm −3 and N MB = 10 21 cm −2 . In Table 6 , we give the emission line fluxes normalized by Hβ (narrow component) for the IB and MB clouds described above.
It seems reasonable that the nuclear emission-line region of NGC 4051 is a mixture of both IB and MB clouds. In order to reproduce the observed [Fe X]/Hβ ratio, we find that the relative contribution of the MB clouds is 5.3% in the Hβ luminosity. We compare the total calculated line ratios with the observed values in Table 7 . We find that Flux contributions of the IB clouds, the MB clouds, and the contamination component to Balmer lines are treated as free parameters a and b; a is the Hβ flux ratio between the MB clouds and the IB clouds and b is that between the contamination component and the IB clouds. We can find a probable set of the line ratios which is consistent with the observation. Here we assume a ratio of Hα/Hβ for the contamination component to be 3.1. Because [Fe X] is assumed to emit from the MB clouds, we obtain a relation:
Since we can regard [O III] λ5007 as a representative lowionization emission line, we obtain another relation:
In Table 9 , we give a summary of the three emission components adopted for the nuclear emission-line region of NGC 4051. These parameters are determined uniquely in the process described above. However, there may be other models which explain the observed line ratios of NGC 4051. Recently, Contini & Viegas (1999) proposed a multi-cloud model in which the existence of shocks is introduced for NGC 4051. Their model explains the optical line ratios and the continuum SED, although they did not mention the spatial extension of ionized regions. In order to discriminate which model is more plausible, further detailed observations will be necessary.
DISCUSSION
As we have shown in previous sections, the observed emission-line ratios of the nuclear region of NGC4051 are consistently understood by introducing the three emission components; 1) the ionization-bounded clouds, 2) matterbounded clouds, and 3) the contamination component to the Balmer emission lines. Although our three-component model appears consistent with the observation, our result implies that the majority of Balmer emission (∼ 60%) arises from the contamination component. Now we consider the problem; What is the contamination component ?
First, we consider this problem for the nuclear region. Possible candidates of the contamination components are either the BLR or nuclear star-forming regions or both. If NGC 4051 belongs to a class of NLS1s (Boller et al. 1996; Komossa & Fink 1997) , it seems hard to measure the contribution from the BLR to the Hβ emission because of the narrow with of the broad line if present. It is also possible to consider that NGC 4051 experiences a burst of massive star formation in its nuclear region because there is a lot of cold molecular gas as well as circumnuclear star-forming regions in NGC 4051 (Kohno 1997; Vila-Vilaró, Taniguchi, & Nakai 1998) . Peterson, Crenshaw, & Meyers (1985) reported that Hβ of NGC 4051 exhibits time variability (enhanced by 85% in Hβ flux) on time scales shorter than ∼2 years, that is, Hβ of NGC4051 contains the broad component more or less. Although we have no way to evaluate the contribution of this BLR contamination to the total flux quantitatively, it is possible that all of the contamina- b We assume an ratio of Hα/Hβ for this contamination component to be 3.1.
c The reddening-corrected relative intensities. I(HβN) = 7.406 × 10 −13 erg s −1 cm −2 . a The hydrogen density of the IB clouds is not a free parameter in our calculation. This value is actually enough high to make IB clouds opticallythick. tion component is contributed from the BLR. In addition, the nuclear star-formation may contribute to the contamination. Kohno (1997) discussed the gravitational instability of the nuclear molecular gas of some Seyfert galaxies using the Toomre's Q-value. The Toomre's Q parameter characterizes the criterion for local stability in thin isothermal disks and is expressed as Q = Σ crit /Σ gas , where Σ crit is the critical surface density. He gave Q = 0.90 for the nuclear region of NGC4051. This means that the molecular gas in the nuclear region of NGC4051 is thought to be gravitationally unstable.
In any case, about 60% of observed Hβ is not originated from the NLR in the nuclear region of NGC 4051. This means that the line ratios of the nuclear region suffer seriously from the contamination. In Figure 10 , we replot the excitation diagnostic diagram using the line ratios, from which the contamination component is subtracted. This diagram shows that the contamination-subtracted line ratios of nuclear region show the typical AGN-like excitation condition. Therefore we conclude that the unusual excitation condition is due to the contamination component. High-spatial resolution optical spectroscopy or Xray imaging observations will be helpful in investigating whether or not the star-formation activity dominates the flux of Hβ.
Second, we consider the off-nuclear regions. As shown in Figure 7 , the three off-nuclear regions (west, southwest, and southeast) also show H II region-like excitations. Since a typical size of the BLR is ∼ 0.01 pc (e.g. Peterson 1997) , it is likely that these excitation conditions are thought to be due to circumnuclear star-forming regions.
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